Introduction
Prior to the introduction of varicella vaccination in Australia, primary infection with the varicella-zoster virus (VZV) was a common childhood disease, with the majority (88%) of the population experiencing infection by adolescence. 1 Although the varicella vaccine has been available since 1995, few countries have recommended universal childhood vaccination, and even fewer have implemented publicly funded national varicella vaccination programmes. 2 Most of the data on the impact of varicella vaccination come from studies conducted in the United States of America (USA), where, since 1996, vaccination has been recommended for children older than 12 months. However, vaccine uptake was slow, with one-dose coverage at 19-35 months of age not reaching more than 80% until 2002. 3 During the USA one-dose era, significant declines in varicella ambulatory visits, hospitalizations and deaths were documented, including non-targeted age groups, consistent with a herd immunity effect. 4, 5 Nonetheless, continued disease transmission and outbreaks in highly vaccinated populations prompted the move from a one-dose to a two-dose schedule in both Germany 6 and the USA. 3 The World Health Organization has requested evidence for the impact of varicella and herpes zoster (HZ, a reactivation of latent VZV) vaccination programmes from countries with robust data to use for developing evidence-based recommendations. 7 To date, evidence of programme impact on varicella zoster disease outside the USA is predominantly regional or limited to small population samples; no data are available for subpopulations with higher incidences. Additionally, increases in HZ are hypothesized to occur from a reduction in natural immunological boosting in previously infected individuals. However, data are limited and inconclusive.
Vaccines listed on Australia's National Immunization Programme schedule are fully funded at a national level for eligible age groups, with programme delivery managed by each state and territory. 8, 9 The experience that followed the availability of varicella vaccines in Australia (Table 1) is unique in several aspects. Both licensed vaccines, Varivax® and Varilrix®, have been available since 2000, with Varilrix® used almost exclusively in the National Immunization Programme since November 2005. Furthermore the programme includes one-dose routine vaccination at 18 months of age and a single catch-up dose delivered via Australia's school-based immunization programme at 12-13 years. Data on childhood vaccination coverage are available from the Australian Childhood Immunization Register and complete national hospitalization data are available by age for Aboriginal and Torres Strait Islanders and non-indigenous people. It is known that indigenous Australians have higher varicella hospitalization rates compared to non-indigenous Australians. These higher rates are possibly related to poorer access to primary care, particularly in remote areas, and/or higher rates of skin/soft tissue complications related to environmental living conditions. 11 Using national data records on varicella immunization and hospitalization, we evaluated age-related trends in both varicella and HZ hospitalizations during periods of differing varicella vaccine coverage. We also aimed to assess the outObjective To examine trends in varicella and herpes zoster (HZ) hospitalization following the availability and subsequent National Immunization Programme funding of one-dose varicella vaccination in Australia. Methods Varicella vaccination coverage for children born between 2001 and 2009 was obtained from the Australian Childhood Immunization Register. Principal or any coded varicella or HZ hospitalizations were retrieved from the national hospital morbidity database from 1998 to 2010. Trends in hospitalization rates in different age groups and indigenous status were assessed. Incidence rate ratios (IRR) were calculated between periods before and after implementation of immunization programme funding. Findings In the first year of the funded immunization programme, varicella vaccine coverage reached 75% in children aged 24 months and more than 80% in children aged 60 months. Compared with the pre-vaccine period, varicella hospitalization rates during the funded programme were significantly lower for age groups younger than 40 years; with the greatest reduction in children aged 18-59 months (IRR: 0.25; 95% confidence interval, CI: 0.22-0.29). Indigenous children had a higher varicella hospitalization rate compared with non-indigenous children before vaccine implementation (IRR: 1.9; 95% CI: 1.4-2.7), but afterwards reached equivalence (IRR: 1.1; 95% CI: 0.7-1.6). The agestandardized HZ hospitalization rate declined between the periods (IRR: 0.95; 95% CI: 0.92-0.97). Conclusion Rapid attainment of high coverage reduced varicella hospitalizations in the targeted age group, particularly for indigenous children, but also in non-targeted age groups, with no increase in HZ hospitalizations. This suggests high one-dose varicella vaccine coverage can have a substantial impact on severe disease.
come of the immunization programme on varicella hospitalizations in Australia's indigenous population.
Methods

Data sources
The Australian Childhood Immunization Register records vaccines given to all Medicare-enrolled children younger than seven years of age, 12 which includes 99% of Australia's annual births of approximately 300 000 children. 13 Data on the proportion of eligible children who received the varicella vaccine were obtained quarterly, including indigenous status. Coverage data at 24 months of age were available for children born between October 2001 and September 2009. To determine timeliness of vaccination, we also assessed coverage at 60 months of age for children born between January 2003 and June 2008. State and territory summary data on the proportion of school enrolments vaccinated in the adolescent school-based catch-up programme in 2009 were provided by jurisdiction health departments. The schoolbased catch-up was conducted at 12 to 13 years of age. For these adolescents, parental reports of previous natural infection or vaccination are accepted as valid reasons for non-vaccination in the school-based vaccination programme. However, parental report data were not available for analysis. 14 National, de-identified demographic and diagnostic data for individual hospitalizations (private and public hospitals) for varicella and HZ were obtained from the National Hospital Morbidity database for the period from July 1998 to June 2010. 15 All episodes coded as varicella or its complications (codes B01-B01.9 in the International Statistical Classification of Diseases, 10th Revision, Australian Modification, ICD-10-AM) and HZ or its complications (codes B02-B02.9) in the principal or any diagnostic fields were obtained. Dual hospitalization coding for varicella and HZ were excluded (0.6% of all VZVcoded hospitalizations). Mid-year population estimates by age and indigenous status were obtained from the Australian Bureau of Statistics.
13
We conducted a search in the Medline database for studies assessing the impact of National Immunization Programmes using the search terms "varicella" or "zoster" and "hospitalizations" and "vaccination" or "immunization". The search was limited to English language articles published or available online from 1 January 1996 to 1 March 2013. The initial search identified 101 potential studies on varicella hospitalizations and 53 potential studies on HZ hospitalizations. After excluding studies that did not report average annual hospitalization rates for pre-and post-programme periods, eight varicella and three HZ studies were included in the review.
Data analysis
Annual crude and age-specific hospitalization rates for varicella and HZ in the population were calculated by Australian financial year of hospital discharge (1 July to 30 June). Average hospitalization rates for the periods of vaccine availability (Table 1) were calculated by date of hospital admission to reflect changes in vaccine availability. Reported rates refer to principal hospitalizations, unless otherwise stated. To account for temporal changes in population age structure, age-adjusted hospitalization rates were calculated, using direct standardization to the population of the publicly funded period when comparing vaccine availability periods and 2009/2010 financial year population when comparing annual changes.
13 Analysis of hospitalization rates for Aboriginal and Torres Strait Islander peoples was restricted to four jurisdictions (Western Australia, South Australia, Queensland and the Northern Territory) due to known incomplete hospital records of indigenous status in other jurisdictions in earlier years.
11
Indigenous Australians represent 2.4% of the total Australian population, with 60.1% residing in these four states and territories.
13, 16 Poisson regression was used to analyse yearly trends in crude, age-standardized and age-specific hospitalizations and to calculate average annual percentage change and accompanying P-values. Hospitalizations averted were calculated by applying pre-vaccination hospitalization rates to the funded immunization programme population. Ninety-five per cent confidence intervals (CIs) were calculated using the Poisson distribution for hospitalization counts and the log transformation method was used to obtain incidence rate ratios (IRR). Analysis was undertaken using SAS version 9.2 (SAS Institute, Cary, USA).
Results
Vaccination coverage
Before the immunization programme funding was introduced, the varicella vaccination coverage increased slowly (Fig. 1) . According to the Australian Childhood Immunization Register, 9.7% of children aged 24 months had been vaccinated before the unfunded recommendations in late 2003. By the end of 2005, the second year of the unfunded recommendations, 20.9% vaccination coverage was achieved. After immunization programme funding, coverage at 24 months of age increased to 74.8% within the first year and exceeded 80% 2.5 years into the programme in 2008 (Fig. 1) .
Vaccine coverage at 60 months of age was consistently higher, reaching 90.0% by the end of 2012. Among the indigenous population, coverage was 1.2% and 5.4% lower at the age of 24 Table 2 ). Significant average annual declines in hospitalization rates were observed for all age groups under 40 years (P < 0.001). The greatest reduction in rates was detected in children from 1 to 4 years old, with 72.5% (95% CI: 68.8-75.7) lower rates during the funded immunization programme period, compared with the pre-vaccine period and 58.6% (95% CI: 52.9-63.6) lower compared with the recommended, unfunded period. Notably, the age group of 1 to 4 years was the only one to show a statistically significant decline during the recommended, unfunded period (Table 2) .
For the age group specifically targeted under the funded immunization programme, i.e. children aged 18-59 months ( Fig. 1) , the average hospitalization rate during the programme was a quarter of the average pre-vaccine rate (IRR 0.25, 95% CI: 0.22-0.29). For infants (under one year), not eligible for vaccination, hospitalization rates during the funded immunization programme were significantly lower than during the pre-vaccine and recommended, unfunded periods, 62.1% (95% CI: 54.7-68.3) and 53.3% (95% CI: 44.5-60.7), respectively. When applying pre-vaccine hospitalization rates to the funded period population, an estimated 686 varicella hospitalizations, including 369 in children younger than five years, were annually averted in Australia following the immunization programme funding.
Over the study period, there were 560 varicella hospitalizations, 333 (59.5%) of which were with a principal diagnosis, and where the patient was recorded as being Aboriginal and/or Torres Strait Islander. Prior to vaccine availability, indigenous Australians were hospitalized at a minimum of twice the rate of the non-indigenous population (IRR 2.6, 95% CI: 2.0-3.2). Following the funded immunization programme, overall hospitalization rates remained higher for the indigenous people (Fig. 2) .
For indigenous children aged 0-4 years, the hospitalization rates were also higher during the pre-vaccine period compared with non-indigenous children (IRR: 1.9; 95% CI: 1.4-2.7). However, the rate declined from 71.8 (95% CI: 51.1-98.2) per 100 000 population in the pre-vaccine period to 16.6 (95% CI: 11.1-24.1) per 100 000 population in the immunization programme period (IRR: 0.23; 95% CI: 0.14-0.38), reaching similar rates for both groups of children (IRR: 1.1; 95% CI: 0.7-1.6) (Fig. 2) .
Herpes zoster hospitalizations
Between 1 July 1998 and 30 June 2010, 59 660 hospital episodes were coded as HZ, and 25 198 (42.2%) as the principal diagnosis. Crude principal HZ hospitalization rates increased by an average of 0.53% (95% CI: 0.18-0.89) per year. However, when rates were age-standardized, HZ hospitalization declined at an average of 0.57% (95% CI: 0.24-0.91%) per year (Fig. 3) . Temporal changes for all HZ-coded hospitalizations were similar to principal HZ hospitalizations (Fig. 3) . Compared with earlier time periods, age-standardized HZ rates were significantly lower during immunization programme funding and age-specific principal HZ hospitalization rates remained stable or lower (Table 3) .
Discussion
Australia is one of the few countries that has included varicella vaccination under its national immunization programme, distinctively funding onedose routine childhood vaccination and an adolescent catch-up programme. Many European countries -despite a European consensus recommendationhave not introduced universal varicella vaccination. 17 For example, the United Kingdom of Great Britain and North- The ratio between funded period rate and the pre-vaccine period rate. Note: Totals may not add up due to rounding.
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ern Ireland recently decided to fund an HZ immunization programme, but rejected a population-based varicella vaccination based on concerns about breakthrough varicella, a potential shift in varicella to older age groups and potential increases in HZ. 18 However, we found no evidence for a shift in varicella hospitalization to older age groups in Australia after the implementation of universal varicella vaccination. Instead, we observed significant reductions in varicella hospitalizations for persons younger than 40 years. In line with our results, studies from other countries with universal varicella vaccination have shown marked declines in varicella hospitalizations in both targeted age groups and indirect effects to non-targeted age groups (Table 4 ). We also observed that the pre-existing twofold disparity in varicella hospitalization between indigenous and non-indigenous children was eliminated under the funded immunization programme. Demonstration of this broad beneficial outcome across population groups in Australia suggests that our experience is likely to be applicable to other countries with disparities in varicella disease.
Our data show evidence of herd immunity during the funded immunization programme. In Australia, similar to other countries, data on adult varicella vaccination coverage is not available. However, it is presumed to be low and would not account for the decline in hospitalizations observed in adults younger than 40 years of age. Our results show more than a 60% decline in hospitalizations for infants -not eligible for vaccination -which can only be attributed to herd immunity effects. This finding is consistent with declines in neonatal (68%) and congenital (79%) varicella from enhanced surveillance both in Australia 26 and in the USA. 22 Furthermore, concerns regarding increased risk of infection during pregnancy 18 are not supported by our results, which show a decline in varicella hospitalizations in the 20-39 year age group which include women of child-bearing age. Furthermore, data from the USA one-dose programme show declines in hospitalisations across all age groups and no upward age shift in varicella hospitalizations. 4, 21, 27, 28 Overall, available data provide evidence that pregnant women and their infants benefitted from a universal childhood varicella vaccination programme due to herd immunity effects.
It was estimated that an Australian varicella immunization programme would directly avert 450 hospitalizations annually, saving up to 21 532 Australian dollars per hospitalization averted. 29 Our results exceeded that prediction, with an average of 686 hospitalizations prevented annually in the first four and a half years of the The ratio between funded period rate and the pre-vaccine period rate. Note: Totals may not add up due to rounding.
funded programme. A re-evaluation of programme cost-effectiveness, including herd immunity effects, is therefore warranted. Funded catch-up vaccination is likely to be central to reducing the pool of susceptible adolescents and adults for whom varicella disease outcomes are more severe. 30 However, few countries that have implemented a universal varicella vaccination programme have also implemented formal catch-up programmes. In our adolescent programme, the uptake matched our expectations, based on varicella seroprevalence data indicating more than 80% seropositivity in individuals aged 10-14 years before the vaccine was available. 1, 14 We also show incremental increases in coverage between 24 and 60 months of age, which indicate lack of timeliness and suggest uptake may be prompted by vaccination requirements at the time of school or childcare entry. The importance of vaccine availability 
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for older children has been emphasized in progressively expansive catch-up recommendations in the USA. 3 Similar to data from Ontario, Canada, 23 we observed that a low universal vaccination coverage during the recommended but unfunded period had a minimal effect on the reported disease burden which was limited to the target age group. Accomplishing a rapid, high vaccination coverage and mechanisms for catch-up appear to be important components of a successful one-dose funded universal immunization programme.
Modelling studies have predicted higher HZ incidence among unvaccinated previously infected individuals (based on absence of immune boosting from exposure to circulating varicella zoster virus). 30 Instead, we show that age-adjusted and age-specific HZ hospitalization rates did not increase over time, despite a high varicella vaccination coverage in Australia for almost five years. Our coverage approached the 90% coverage included in studies modelling the impact of varicella vaccination on the epidemiology of varicella and HZ. This is the scenario that is included in studies modelling the impact of varicella vaccination on the epidemiology of varicella and HZ. [30] [31] [32] Some epidemiological studies have reported temporal increases in the crude HZ hospitalization rates. 19, 33 However, only two other studies have assessed trends in age-standardized HZ rates before and after vaccine introduction, including hospitalizations and health care utilization, and showed no temporal increase in HZ (Table 5) . 35, 36 Increasing age is the greatest risk factor for VZV reactivation, due to agerelated decline in cellular immunity, high prevalence of chronic disease and use of immune-compromising medication. 37 HZ hospitalization rates in persons older than 80 years are more than twice that of persons aged 70-79 years. Over the study period, the percentage of the Australian population over 80 years of age increased from 2.8% to 3.7%.
13 Statistical adjustments for ageing populations are required in epidemiological studies to adequately determine temporal changes in HZ. A combined childhood varicella and older adult HZ vaccination programme is a potential comprehensive strategy for the prevention of VZV disease in the entire population, and vaccination against HZ has been recommended for Australians aged over 60 years. 8 However, due to manufacturer supply issues, virtually no HZ vaccine has been available and there is currently no funding from the national immunization programme.
The strengths of our study include the use of comprehensive national population-based databases: 12 years of hospital admissions data, not limited by under-reporting, sampling or regional differences; and national vaccine coverage data where under-reporting for immunization programme-funded vaccines is minimal. 12 Although several studies 4, [19] [20] [21] [23] [24] [25] 27, 28 have demonstrated the early effect of a universal varicella immunization programme (Table 4) , we included national data assessing both population-adjusted varicella and HZ over the pre-and post-programme periods. We used principal-coded hospitalizations, which potentially underestimates the total hospitalized disease burden, but reduces reporting of incidental hospitalizations and miscoding and is therefore likely to be a more accurate method than the use of all HZ-related hospitalizations. Although this is an ecological study, there is no evidence that other factors that could affect hospitalization rates have changed over time, such as better access to health care or changes in hospital admissions or coding practices. The high positive predictive value (95.7%) for varicella coding demonstrated in a hospitalized Australian paediatric population 38 supports the robustness of using varicella-coded data. However, varicella hospitalization data in older adults may be limited by miscoding of HZ. 35 The majority of HZ-related hospitalizations are likely to have been complicated by complex co-morbidities, particularly in the frail elderly and/or immunocompromised populations and may not reflect the principal cause for admission. 39 Our study is limited to the inclusion of VZV infection requiring hospitalization. Varicella results in severe morbidity in only a minority of cases, for which hospitalization is a proxy measure. While the risk of complications is greater in adults and children with 38 Approximately 2% of cases in children younger than two years require hospitalization. 40 Hospitalization rates for HZ are two to four times the rate for varicella. 41 VZV-related disease also significantly impacts health care utilization at the primary care level, but this was not assessed in our study. Assessing trends in non-hospitalized VZV disease will become more important as Australia's varicella immunization programme matures, including monitoring outbreaks and breakthrough varicella.
Although one-dose programmes have been effective in preventing severe varicella disease, as further confirmed by our study, evidence suggests that a twodose schedule is required to interrupt virus transmission. Ongoing school outbreaks and high rates of breakthrough varicella, although usually mild, have prompted some countries to implement a two-dose schedule. 3, 6 A submission to fund two-dose varicella vaccination under the Australian National Immunization Programme was rejected in 2008 due to uncertainty regarding the incremental cost-effectiveness of the second dose. 42 However, emerging data on further declines during the two-dose programme in the USA 43, 44 and recent evidence indicating that breakthrough varicella was almost seven times less likely to occur in two-compared with one-dose vaccine recipients 45 provide empirical evidence of the potential benefits of a two-dose schedule.
This study is a comprehensive analysis of national Australian populationbased data comparing both varicella and HZ hospitalizations during periods of varicella vaccine availability, using robust national vaccine coverage data and the largest study reporting experience with Varilrix®. There are several differences in the approach to implementing varicella vaccination programmes internationally, including the age at vaccination, one or two-dose schedules, and inclusion of catch-up vaccination.
Australia's experience with a onedose funded varicella vaccination programme with rapidly attained high coverage is relevant to countries considering a universal programme. The beneficial outcome of the vaccination programme is expected to increase as the programme matures and reexamination of the cost-effectiveness of incorporating a second dose may be warranted over time. ■ Varicella vaccination and admissions to hospitals in Australia Anita E Heywood et al. 
Резюме
Госпитализации из-за ветряной оспы и опоясывающего герпеса до и после однодозной схемы вакцинации против ветряной оспы в Австралии: экологическое исследование Цель Изучить тенденции в госпитализации из-за ветряной оспы и опоясывающего герпеса (ОГ) после выделения текущего и последующего финансирования в рамках Национальной программы иммунизации для однодозовой схемы вакцинации против ветряной оспы в Австралии. Методы Данные об охвате вакцинацией против ветряной оспы детей, родившихся в период с 2001 по 2009 гг, были получены из Австралийского реестра иммунизации детей. Основные или иные кодированные сведения о госпитализации из-за ветряной оспы и ОГ были взяты из национальной базы данных о заболеваемости в больницах в период с 1998 по 2010 гг. Была проведена оценка тенденций в сфере госпитализации представителей разных возрастных групп и лиц с разным статусом принадлежности к коренному населению. Сотношения коэффициентов заболеваемости (СКЗ) были рассчитаны за периоды до и после выделения финансирования в рамках программы иммунизации. Результаты В первый год реализации финансируемой программы иммунизации охват вакцинацией против ветряной оспы достиг 75% детей в возрасте 24 месяцев и более 80% детей в возрасте 60 месяцев. По сравнению с периодом до вакцинации показатели госпитализации из-за ветряной оспы в период реализации финансируемой программы были значительно ниже для возрастных групп в возрасте до 40 лет; при этом наибольшее снижение показателя выявлено у детей в возрасте 18-59 месяцев (СКЗ: 0,25; 95%-й доверительный интервал (ДИ): 0,22-0,29). У детей коренных народов отмечался более высокий уровень госпитализации из-за ветряной оспы по сравнению с детьми некоренного населения до проведения вакцинации (СКЗ: 1,9; 95% ДИ: 1,4-2,7), но впоследствии был достигнут паритет (СКЗ: 1,1; 95% ДИ: 0,7-1,6). Нормализованный с учетом возраста показатель госпитализации из-за ОГ снизился между указанными периодами (СКЗ: 0,95; 95% ДИ: 0,92-0,97). Вывод Быстрое достижение высокого уровня охвата привело к снижению показателя госпитализаций из-за ветряной оспы не только в целевой возрастной группе, особенно в группе детей
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коренных народов, но и в нецелевых возрастных группах, без увлечения числа госпитализаций из-за ОГ. Это указывает на то, что высокий охват однодозовой вакциной против ветряной оспы может оказывать существенное положительное влияние на противодействие этому тяжелому заболеванию.
Resumen
Hospitalizaciones por varicela y herpes zóster antes y después de la implementación de la vacunación monodosis de la varicela en Australia: un estudio ecológico Objetivo Examinar las tendencias de la hospitalización por varicela y herpes zóster (HZ) siguiendo la disponibilidad y la subsecuente financiación del Programa Nacional de Vacunación de la vacuna monodosis de la varicela en Australia. Métodos La cobertura de la vacunación contra la varicela para los niños nacidos entre 2001 y 2009 se obtuvo del Registro Australiano de Vacunación Infantil (Australian Childhood Immunization Register). Las hospitalizaciones por varicela o HZ principales o codificadas fueron sacadas de la base de datos del hospital nacional sobre morbilidad en el periodo comprendido entre 1998 y 2010. Se evaluarion las tendencias de las tasas de hospitalización en diferentes grupos de edad y estados indígenas. Las tasas de incidencia (TI) se calcularon entre los periodos previos y posteriores a la implementación de la financiación del programa de vacunación. Resultados En el primer año del programa de vacunación financiado, la cobertura de la vacuna de la varicela llegó al 75% en los niños de 24 meses y a más del 80% en los niños de 60 meses. En comparación con el periodo previo a las vacunas, las tasas de hospitalización por varicela durante el programa financiado fueron significativamente menores en grupos de edad menores de 40 años, con la reducción más importante en los niños de entre 18-59 meses (TI: 0,25; 95% intervalo de confianza, IC: 0,22-0,29). Los niños indígenas tenían una tasa de hospitalización por varicela más alta que los no indígenas antes de la implementación de la vacuna (TI: 1,9; 95% IC: 1,4-2,7), pero tras esta se alcanzó una igualdad (TI: 1,1; 95% IC: 0,7-1,6). La tasa de hospitalización por herpes zóster estandarizada por edad disminuyó entre los periodos (TI: 0,95; 95% IC: 0,92-0,97). Conclusión La rápida consecución de la cobertura alta redujo las hospitalizaciones por varicela en el grupo de edad al que se dirigía, especialmente en niños indígenas aunque también en grupos de edad a los que no iba dirigido, sin incrementar las hospitalizaciones por herpes zóster. Esto sugiere que la cobertura de la vacuna monodosis de la varicela puede tener un impacto importante en la grave enfermedad.
